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PRESENTATION 
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fulfilment of the requirements for the Degree of Master of Mechanical Engineering (Area: 
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SIZING AND SIMULATING OF AN AUTONOMOUS PUBLIC LIGHTING SYSTEM 
 
Abstract. The current energy scenario suggests the need to search for and apply alternative energy 
sources to be used in addition to the electric energy supply system and contribute to the reduction of 
environmental impacts. This paper presents the sizing and the simulation of an autonomous led 
lighting system, composed of supercapacitors. The first block consists in a photovoltaic panel; a 
Buck DC/DC converter; supercapacitors and a MPPT controller, which has the main purpose of 
managing the functioning of the led lighting, using the algorithms of constant voltage in order to 
find the MPPT point of the photovoltaic panel; and the second block contains a Boost DC/DC 
converter; high efficiency led lights and a PWM controller. The aim of this paper consist of 
presenting the feasibility of the use of the supercapacitor as an energy storage element and the 
presentation of a new public lighting system, in order to achieve a better use of power supplied by a 
solar panel using a second Buck DC/DC converter. The results have been obtained by the use of the 
Matlab software, which led to a conclusion that the system is efficient, and it meets all the needs 
proposed before. 
Keywords: Photovoltaic panel, Ultracapacitor, MPPT controller, Lighting public 
 
1. INTRODUCTION  
There are available solutions to autonomous public lighting system, using led lights and the 
sun’s energy collected by photovoltaic panels, storing the energy using batteries, generally “lead-
acid” batteries. The lights are standardized, to be applied in different voltage levels of the battery; in 
general, these lights are more expensive [7]. Research showed that the index of reliability of the 
batteries makes the system extremely dependent of preventive maintenance. It also generates, 
periodically, in average every 18 months, hazardous waste. Extremely harmful to the environment. 
Conventional batteries, due to its electric composers, have a slow recharge and the photovoltaic 
panels have the capacity of energy during the day, according to an average daily sunlight, which is 
very different in each region. In Brazil, excluding the North region, the average daily sunlight is 
around 5 to 8 hours. Consequently, in general, this system should be applied in a large scale to 
ensure a slow recharge of the battery, only during the sunlight period, needed to keep the led lights 
operational during night time. This paper presents an autonomous public lighting system, using 
clean solar energy, which is transformed in electric energy, using a photovoltaic panel and 
supercapacitors in order to storage this collected energy. The capacitors are built of carbon 
nanotubes, making the recharge very quick, respecting the panels limit and during the night, this 
energy is transformed in public lighting by specific high efficiency and high reliability led lights. 
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The stored energy is used during the sunlight period but also in the night time period. Always 
working in the maximum power and all the subsystems are assembled in optimised configurations.  
The photovoltaic panels are transducers, generating from solar energy, electric energy with a 
continuous electrical current. Due to the nominal voltage level and the variation of solar radiation, it 
is very common the use of DC/DC converters, in a duty cycle switching, using the intermittent 
current of the panel. During the stand-by period, while the system is not supplying energy, due to 
the switching off, of the duty cycle switching element, the generated power is dissipated on the 
panel, lowering the performance of the system. Under of its service life.  
Moreover, the big difference in this paper is the no utilization of batteries for the energy 
storage collected by the photovoltaic panels during the sunlight. Instead this, the use of a 
supercapacitors such as elements to store the photovoltaic energy. It also presents a solution, which 
maximize the system efficiency, using two converters DC/DC at the same time. One is the master 
(priority) and the other is the slave (secondary), operating in a particular way, while one is 
operational the other is shut. In this way, lowering the length the panel cease to supply electric 
current to the recharge. The operation of both converters is not complementary, once the panel 
operates on its highest power, according to the solar radiation. Then it results in a different working 
cycles for each converter, but the priority is always the master converter.  
 
2. STORAGE SYSTEM 
 
The storage system of the autonomous public lighting consists in a photovoltaic panel, a 
supercapacitor and a Buck converter, which will be further detailed in this topic.  
 
2.1 Photovoltaic panel 
 
The photovoltaic cells are composed of semiconductor materials, where the silicon is the 
most used element for this application. In a photovoltaic cell, a type N silicon board is placed over a 
type P silicon board. In this way, the free electrons of the type N material are able to find several 
gaps on the type P material. This process finds its balance when the electrons that passed to the P 
side and created a barrier blocking other electrons placed on the N side, to pass to the P side. When 
this balance is reached, we have an electric field separating both sides [9].  
This electric field acts as a diode, which allows the electrons to flow to the P side to the N 
side, but not in the contrary. When the light reaches, the board and the photons reach the electrons, 
setting them free creating in consequence, a band gap. Whether the free electron is present in the 
influenced area of the field, it will send the electron to the N side and will create a gap in the P side. 
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The charge separations, is the photovoltaic effect which occurs in the cell. In that way, the voltage 
created from the electrons took by the photons, consists the voltage of an open circuit of the system. 
The union of different photovoltaic cells with the combination serial and parallel consists in the 
configuration denominated module or photovoltaic panel. The Fig. 1 presents a model equivalent to 
a photovoltaic panel. The source of the current represents a generated current to a given level of 
sunlight. The diode represents the junction PN that is created by the two semiconductor boards. The 
parallel resistance represents the losses that occur in disturbance between both semiconductor 
boards and the serial resistance. It represents the ohmic losses that occur in the semiconductor 
material, in the metallic contacts and in the contact with the semiconductor metal. So there is the 
current and the voltage generated by the cell, represented by Ipv and  Vpv [9]. 
 
 
Figure 1. Equivalent model of a photovoltaic panel (CARVALHO, 2012) 
 
The Fig. 2 presents a VxI curve and the Fig. 3 the PxV curve, relating to a silicon cell.  
 
 
Figure 2. Silicon Cell VxI curve (CRESESB, 2001) 
 
 
Figure 3. Silicon cell PxI curve (CRESESB, 2001) 
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Meteorological  factors influence the electric specificities of a photovoltaic panel. Not only 
the temperature, but also the solar irradiation might affect the operation point of it. It can be 
observed in the following Fig. 4 and Fig. 5. 
 
 
Figure 4. Irradiance effect in the IxV curve (PACHECO, 2009) 
 
 
Figure 5. Temperature effect in the IxV curve (PACHECO, 2009) 
 
2.2 Supercapacitor 
 
Capacitors are energy storage components, performing different operations on electronic 
circuits. They are capable of storing a small amount of energy; however, they can free it rapidly [9]. 
They are then very powerful. Batteries are used when it is needed to store high amounts of energy 
in a small component. They store more energy by volume unit, although it frees slowly, they have 
then a low power. In order to fill the gap between batteries and the capacitors, supercapacitors have 
been built, they are components based in nanotechnology, which have a very high power and can 
store a high amount of energy per volume unit, much higher than an ordinary capacitor. That is one 
of the reasons, supercapacitors gained more notoriety. They fill the gap between batteries and 
ordinary capacitors and they have a lifespan much higher, able to stand five hundred thousand to 
one million charge/discharge cycles, before it declines considerably and cease to discharge rapidly 
as the battery does [3]. The Fig. 6 shows a graph that relates the density power and the energy 
density of those components.  
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Figure 6. Comparative Graph (Storage elements) (KÖTZ and CARLEN, 2000) 
 
As in an ordinary capacitor, the energy that can be stored by a supercapacitor is given by the 
Eq. (1). 
 
                                                                                                                                      (1)           
 
The Fig. 7 presents the equivalent model in a supercapacitor.  
 
 
Figure 7. Supercapacitor equivalent model (MARCELINO, 2016) 
 
Where: 
 Rs: Serial equivalent resistance 
 L: Serial equivalent inductance (due to internal connexions)  
 C: Capacitor capacitance 
 Rp: Parallel equivalent resistance  
 
It must be emphasized that the specificities of the supercapacitor, which is the resistance Rs 
is lower; proposing quick charges and discharges, and the resistance Rp is much higher, keeping the 
charge stored for months. 
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2.3 MPPT controller 
 
The controllers of the highest power point (MPPT) began its division in 1968, with the goal 
of improving the performance of non-linear source systems and a random charge [4]. In 
consequence, this paper adopted the MPPT controller related to the constant voltage method.  
The photovoltaic panel output voltage is around 70% to 80% of the voltage in an open 
circuit, to a standard value of solar irradiation. It can be considered that in the diverse MPPT points, 
the voltage in the module terminals varies very little with the atmospheric changes. Even when the 
intensity of the solar irradiation is different.  
The idea of this controller consists in ensuring that the output voltage of the photovoltaic 
panel keeps steady and approximate to the MPPT value. This is made by the energy supply in a 
close electric system, acting as pulse modulator (PWM) triggering the Buck DC/DC converter. This 
controller has been adopted due to its simplicity of implementation in an affordable microcontroller. 
The Fig. 8 shows a block diagram of the MPPT controller.  
 
 
Figure 8. MPPT controller, constant voltage (CARVALHO, 2012) 
 
2.4 Buck converter 
 
The Buck converter is a voltage DC/DC converter with the main purpose to lower the output 
voltage level related to the input voltage level, by the use of a PWM controller and an electronic 
key, in proportion of the working cycle. In the Eq. (2), it is represented the average output voltage 
of the converter, in the Eq. (3), in the medium circuit, in the Eq. (4), the medium supplied charging 
power [1].  
 
                                                                                            (2) 
 
                                                                                                                             (3) 
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                                                                                              (4) 
 
Where: 
 Vo: Medium output voltage [V] 
 Io: Medium circuit [A] 
 Po: Medium power [W] 
 K: Working cycle  
 T1: length the key is ON [s] 
 T: Period of the switching capacity [s] 
 F: Switching capacity frequency [Hz]  
 V: Input voltage [V]  
 
The Fig. 9 presents the Buck converter. 
 
 
Figure 9. Buck converter (ANTUNES, 2012) 
 
3. SIMULATIONS AND RESULTS 
 
In this section, it will be presented the project related to the autonomous public lighting 
system and the simulations of the energy storage. From the specificities of the lights needed to the 
public lighting for pedestrians. 
 
3.1 Block Diagram of system 
 
The Fig. 10 presents a block diagram of the system proposed in this paper, approaching the 
functionality analysis of the related circuit responsible to perform the charge of the supercapacitors. 
By the way, the project of this system and the parameters definitions; consider in order to 
calculations, a complete system of the autonomous public lighting.  
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Figure 10. Block diagram of system (Author) 
 
3.2 LED´s configuration 
 
According to the current regulations related to the public lighting of Brazil (NBR5101), 
must follow the specifics rules in order to determine the project parameters of the public lighting. 
Such as: 
 Minimal distance to facial recognition: 4 meters 
 Average light flux: 5 lux 
 There cannot be points with values inferior to 1 lux  
 
It has been adopted a minimum of 5lux in the crossover point between both lights and the 
using of the method point to point to perform the calculations, according to the Fig. 11.  
 
 
Figure 11. Autonomous public lighting (Author) 
 
Project parameters:  
 120º lens for the LED lights  
 Light height: 3 meters  
 Maximum distance responding the need of 5 lux 
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 24 hours operation  
 
The Eq. (5) determines the maximum distance d[m] related to the height h[m]. 
 
                                                                                                                  (5) 
 
It has been adopted a maximum distance of 5 meters. For this configuration, in the point P, 
there is a contribution of 2.5lux in each light, according to the Fig. 12.  
 
 
Figure 12. Configuration of the autonomous public lighting  (Author) 
 
The Eq. 6 determines the need of the light intensity to be supplied to the LED set. 
 
    
 
                                                                                               (6) 
 
Where:  
 Ep: Luminance [lux] 
 I : Light intensity [cd]  
 h: Height in relation to the ground [m]  
 α: Aperture angle of the lightening [degrees] 
 
For a total contribution of each light, it must be considered a 120º spotlight and not only a  
60º, as it has been already calculated before, in other words, the double of the light intensity 
calculated in Eq. (6). In this way, considering a loss of 10% of the luminosity supplied by the set, 
there is a need of 400 cd/light.  
Although the market supplies a wide range of products, this paper used a high performance 
bright LED with the following specifications:   
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 Current: 20mA 
 Voltage: 3.2V 
 25000 mcd 
 15° (luminosity aperture) 
 
With all those information, it has been adopted as a standard configuration for the light, a 
composition of led’s associated in series and parallel obtaining the following results: 
 
 16 LEDs (4x4) 
 Voltage 12,80V 
 Current: 80mA 
 Power: 1,28W 
 Resistance: 17,50 Ω 
 
3.3 Determination of the capacitive bank 
 
According to the specificities of the led lights, this topic has a main intention to determine 
the configuration of the capacitive bank needed to meet the needs of the power supply for the light 
during nighttime. The energy consumed by the charge will be 1,28Wh. In terms of unities of the 
International System, it is given in the Eq. (7), the energy consumed in the period of an hour. 
 
	
	
	
                                                                                                                                        (7) 
 
Considering an operation period with a tolerance of two night swifts, the results are 
presented in the Eq. (8). 
 
	
                                                                                                                            (8) 
 
The stored energy in a capacitor of any kind, it is the capacitance function and the applied 
voltage, according to the Eq. (9) [9]. 
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                                                                                                                                   (9) 
 
It is observed in the Eq. (9) that the energy is rising with the rise of the voltage, the 
maximum obtained energy is when the capacitor is charged with its nominal maximum voltage, 
which can be stand by the dielectric. Assuming a discharge on the capacitor in a steady stream, the 
voltage decreases linearly. In the other hand, the remaining energy will decrease rapidly, as it can be 
seen in the Fig.13.  
 
 
Figure 13. Stored energy x Applied voltage in a capacitor (Author) 
 
Considering the whole capacitor discharge process, it can be assumed that it only frees its 
energy, when a variation of the potential occurs on its terminals: 
 
 
 
                                                                                                  (10) 
 
In order to use the completely stored energy in the capacitor, the voltage should varies on its 
nominal value until zero. It makes that the variation of the difference of the potential equates its 
own nominal voltage of the component. Nonetheless, in practical terms, it is not feasible, because it 
would demand that the switched-mode power supply had the capacity to rise a voltage too close to 
zero, until the nominal output voltage is needed. For that reason, it can only be used a part of the 
stored energy on the supercapacitor.  
That means that for the project to be feasible there is the Eq. (11). 
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                                                                                                    (11) 
 
Considering a variation of the difference of the equivalent potential equals the half of the 
nominal voltage. It can be noticed that the use energy is given by the Eq. (12). 
 
 
 
 
  
But:  
Then:                                                                                                                        (12) 
 
In that way, it is observed that 75% of the supercapacitor’s energy is used, remaining 25% in 
the component for a reduction of 50% of its nominal’s voltage. Adopting for a respective bank of 
capacitors, a configuration in a way to obtain a nominal voltage of 10,8V (a serial setting of 
capacitors). There is a need of 2529.50F for this application, having the necessity of the use of 16 
capacitors, creating its setting of capacitors (4 sets of capacitors in parallel of 4 capacitors in each 
set). For this paper, it has been adopted a supercapacitor of 3000F and a 2.7V to create a physical 
set of the capacitive bank. 
 
3.4 Sizing of the photovoltaic panel 
 
The Eq. (13) presents a recharging length related to the bank of supercapacitors, where it is 
obtained a resistance value needed to control a current in the recharging process of the bank, in 
order to avoid voltage peaks [9]. 
 
	
     
                                                                                                                                       (13) 
 
Despite of having a daily solar radiation around nine hours, it has been adopted a first 
analysis of 6 hours, which is the average of insolation. It is normally used to recharge conventional 
batteries. It is important to enhance that the system will effect a recharge in the bank of the 
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supercapacitors while there is radiation, even when it is low. The resistance found in the Eq. (13) 
must be applied, if possible, when the inductor is constructed. Using this method, in the coil and in 
the opposition of the sharp variation of the current (due to the switching capacity of the Buck 
converter). In that way, avoiding current peaks on the system. The Eq. (14) and Eq. (15) present the 
calculations of the current in the recharge of the capacitive bank in a low power on the photovoltaic 
panel to supply energy to the system. 
 
 
 
                                                                                                                 (14) 
 
                                                                                          (15) 
 
Where “n” is the efficiency of the Buck convertor that is around 95% nowadays [2]. In this 
way, it is necessary the use of a photovoltaic panel, at least 35W to recharge a set of supercapacitors 
of 3000F in 6 hours. The following electric characteristics of the photovoltaic panel:  
 
 Voltage of the open circuit: 21,80[V] 
 Current of the open circuit: 2,54[A] 
 Voltage at its maximum power: 17,30[V] 
 Current at its maximum power: 2,31[A] 
 Power: 40[W] 
 
3.5 Sizing of the Buck converter  
 
To make the sizing of the inductance of the Buck convertor, it is used the Eq. (16) [9]. 
 
                                                                                                                                   (16) 
 
 il: Current on the inductor [A] 
 V:Input voltage [V] 
 k: Duty cycle  
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 L: Inductance value [H]  
 f: Frequency of the switching signal [Hz] 
 
Considering the values of 0.5% of the maximum charge and 25khz to ∆il and f, respectively, 
there is the maximum power of current. 
 
 
 
The current related to the side of the low tension of the Buck converter is calculated 
according to the Eq. (17). 
 
                                                                                                     (17) 
 
In this way, there is: 
 
 
 
 
 
Solving the Eq. (16) related to the inductance L, there is: 
 
 
 
The Eq. (18) is related to the number of windings needed to the construction of the inductor 
related to the diameter and the length of the rolling. 
 
                                                                                                                            (18) 
 
Where:  
 n: Number of turns  
 L: Inductance desired in Henry 
 Dcond: Diameter of the conductor used in the winding 
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 S: Covered area by a turn 
 µ: Permeability of the core material  
 
Solving the Eq. (18) considering a conductor 16AWG, there is: 
 
 
 
According to the length of the coil and the respective resistance for such a conductor, there 
is a resistance of the coil: 
 
 
 
The initial intention is to use this resistance instead of the resistor of the recharge to the 
capacitive bank. Unfortunately, this method was proven inferior to the needs of the project and the 
construction of a coil of the same resistance value, would lead to the use of an important amount of 
the conductor, interfering directly in the general dimensional of the coil and on its cost. In that way, 
it has been adopted in this paper a resistor as a solution. However, further studies can be carried out 
in the system, to verify if the coil must be opposed due to the sharp variation of the current; it must 
be verified to check if it is sufficient to avoid current peaks. In this case, it is not needed the use of 
such resistance. 
 
3.5.1 Coil characteristics of the Buck converter 
 
 Conductor: 16AWG 
 Maximum Current: 3,90 [A] 
 Core diameter: 1,0 [cm] 
 Coil length: 12 [cm] 
 Permeability of the core: 2000u 
 Number of turns: 92 
 Conductor length: 2,90 [m] 
 Resistance of the coil: 0,03828 [Ω]  
 
4. SIMULATION MODEL 
 
In order to proceed the analysis of the results, the model has been divided in two different 
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parts. The first part, with the intention of evaluating the feasibility of the use of a supercapacitor as 
an energy storage element; and the second part, has the intention of obtain the maximum 
exploitation of the supplied energy by the photovoltaic panel, by the use of a second Buck DC/DC 
converter. They operate against the other converter, in other words, when the main converter is 
operating state, it is in stand-by. When the main converter is in stand-by, this second converter is in 
the operating state. This occur intent of to enlarge the efficiency of the system. The second 
converter has the same constructive characteristics of the main converter, however due to an 
alternate operation while the other is not working. This device, supplies energy to a capacitive bank 
of a same energy capacity, however it is set for such a voltage. It is worth highlighting that for the 
simulations, due to a response time of a chosen software for this operation, it was used a capacitive 
bank of 1F instead of 3000F according to the calculations. The only difference is the time needed to 
perform a full recharge in the simulation. It remains unaffectedly the other characteristics of the 
system in order to perform the analysis. Another important point, is that every 3 seconds (in an 
alternation simulation), it is performed a variation on the isolation absorbed by the photovoltaic 
panel. The main reason is to evaluate the response of it, in the search for the maximum point of 
power, in order to represent the variations during the day: 
 
 0 – 3 seconds: 1000W/m² 
 3 – 6 seconds: 500W/m² 
 6 – 10 seconds: 800W/m² 
 
4.1 Model 01 – The use of the supercapacitor  
 
The Fig. 14 presents a model proposed to the analysis of the use of the supercapacitor as 
energy storing element. It has the main aim to proof that it can be used to such an application.  
  
 
Figure 14. MATLAB 01 model (Author) 
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The Fig. 15 and Fig. 16 presents more detailed the developed model to the simulation of the 
photovoltaic panel and the Buck convertor. 
 
 
Figure 15. Model of the photovoltaic panel (Author) 
 
 
Figure 16. Buck Convertor (Author) 
 
The Figs. 17, 18 and 19 presents a response of the simulation related to the recharge 
(supercapacitor), being the voltage, the current and the power. 
According to these images, it can be observed the variation of the response of the system for 
each solar radiation adopted and the consequent search for of the MPPT controller, at its maximum 
power. The current variation of the charge of the capacitive bank that occurs due to the variations on 
the voltage generation by the photovoltaic panel. It is related to the variation of the maximum 
power voltage and the algorithm of the steady voltage follows it. The current, which varies 
constantly due to the operation cycle of the Buck DC/DC converter. It is recommended to keep the 
output voltage of the photovoltaic panel usually steady, within a small range around the maximum 
value, considered as maximum power point. The current starts with a value that is close to the 
maximum supplied by the panel and it decreases during time, when the charge of the capacitive 
bank increases.  
The Fig. 17 shows the charge of the capacitor suffering some variations due to the radiation 
that is being applied on the system. Given that, it is possible to proof that for different values, the 
system is capable to keep supplying charge to the capacitive bank. This specificity is impossible 
with an ordinary battery, as a storing energy element, due to its own strong internal resistance. 
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Figure 17. Supercapacitor voltage x Recharging time (Author) 
 
 
Figure 18. Current of the supercapacitor x Recharging time (Author) 
 
 
Figure 19. Supercapacitor Power x Recharging time (Author) 
 
4.2 Model 02 – The increase of the system´s efficiency 
 
The Fig. 20 presents a proposed model for the analysis of the use of a second Buck 
convertor. The main objective is to obtain a better efficiency on the use of the supplied energy by 
the photovoltaic panel.  
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Figure 20. Matlab model (Author) 
 
The Fig. 21 presents the supplied power by the photovoltaic panel using two Buck 
convertors, it can be compared to the obtained power when applied the concept presented in the 
model 01 in this paper. According to the obtained results, it can be observed that for the main and 
the secondary capacitive bank, the shapes of the waves are in the expected range.  
It means that it is in accordance with the limit of the power of the photovoltaic panel. It can 
be observed in the Fig. 21 that photovoltaic panel supplied more energy to the system. It means that 
the average supplied power is superior when compared to the model that uses only one Buck 
converter.  
The efficiency of the system has been increased, consequently, increasing the viability of the 
use a photovoltaic system as an energy source for public lighting during the night for pedestrians.  
The MPPT controller performs constantly the variation of the working cycle of the 
converters; the aim is the maximum power of the panel, using the simple algorithm as a steady 
voltage. 
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Figure 21. Comparison chart of the supplied power by the photovoltaic panel related to both 
proposed models (Author) 
 
5. CONCLUSION 
 
This paper presented a specific proposal of the implementation of two photovoltaic systems, 
in order to supply energy to public lighting. It is based on the use of supercapacitors and 
complementary convertors. When it is compared to conventional systems using batteries, the public 
lighting system using a supercapacitor, as a storage energy element, proved its efficiency and a 
system that is less harmful to the environment. 
The operational and maintenance costs have been reduced and a better use of the solar 
power, as it can be recharged during the whole insolation period, even in low insolation, what is not 
possible with conventional batteries.  
The performed simulations have shown that the MPPT controller of the steady voltage is 
working in an effective way on the command of the complementary convertors. The maximum 
supplied energy by the photovoltaic panel was obtained, in the most diverse conditions. The 
computational load needed to the controller did not require an advanced hardware; it could be 
performed in a low cost microcontroller. Therefore, this project is sustainable and compatible with 
the application.  
The academic work also demonstrated the effectiveness of the use of a supercapacitor a 
storing energy element and the use of a second Buck convertor. Both applications should be 
considered in the development of new projects related to the use of a photovoltaic panel. 
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